Introduction
The mechanical behaviour of thin films has a fundamental effect on the performance of many microelectronic and optoelectronic devices. Therefore, it is essential to develop a detailed understanding of their mechanical response and microstructural evolution under varying temperature conditions. Au/Si eutectic alloy has many favorable mechanical and electrical properties, including high fracture toughness, excellent stability, low resistivity, and so forth, and has emerged as the material of choice for thin films in the semiconductor industry. In integrated circuit (IC) and microelectro-mechanical systems (MEMS) applications, Au thin films are generally deposited on Si substrates, and hence the interfacial adhesion properties and the formation of Au/Si eutectic phase play key roles in determining the overall properties of the thin film system.
Various physical and chemical methods have been proposed for fabricating Au/Si film structures, including fusion techniques and eutectic and anodic bonding methods. [1] [2] [3] In general, these techniques require the use of high bonding temperatures to ensure a sufficient bonding energy. For example, the conventional Si fusion bonding process requires a bonding temperature in excess of 1273 K. 4) However, such high temperatures may damage the integrity of the thin film system, thereby degrading the mechanical and optical performance of the I-C device. Therefore, high temperature bonding processes are unsuitable for fabrication or packaging applications involving temperature-sensitive materials. By contrast, eutectic bonding methods provide an ideal solution for such applications since they achieve a high bonding strength at far lower operating temperatures. For example, the minimum bonding temperature for Au-Si systems is 636 K, corresponding to the temperature at which the Au-Si eutectic state is formed. 5) Nanoindentation of a thin film generally results in the formation of a plastic deformation affected zone and a corresponding change in the crystal microstructure. However, annealing not only has the ability to recover the nanoindentation site, but also provides the means to prompt the formation of eutectic phases in the indentation affected zone given appropriate processing conditions. In general, the microstructural characteristics of annealed thin film systems are dependent on the thermo-mechanical conditions induced during the annealing process. Although the importance of Au/Si eutectic phase in enhancing the bonding performance of Au/Cr/Si thin film structures is widely recognized, the mechanisms involved in the eutectic reaction and the structure of the eutectic alloy induced by nanoindentation are not addressed in the literature. Accordingly, the present study uses a nanoindentation technique to determine the nano-mechanical properties of as-deposited Au/Cr/Si thin films indented to a depth of either 300 nm or 1000 nm. The microstructures of the as-deposited indented specimens and specimens annealed at temperatures of 523, 623 and 723 K, respectively, are then examined using transmission electron microscopy (TEM).
Experimental Procedure
The Au/Cr/Si thin film specimens were fabricated by depositing an initial adhesive Cr layer with a thickness of approximately 5 nm on a Si (100) substrate using an evaporation deposition technique and then depositing a Au film with a thickness of approximately 500 nm over the Cr layer. 6) Deposition was performed under high-vacuum conditions of 5 Â 10 À6 Pa in an inert nitrogen gas environment. To enhance the evaporation process, the substrate was maintained at a uniform temperature of 423 K. Following the deposition process, the specimen was allowed to cool to room temperature over a period of approximately 30 min. The thickness of the Au film was monitored during the deposition process using a quartz-crystal microbalance, and was confirmed following fabrication using X-ray reflectom-etry. To enable the nanoindentation sites to be more easily identified following the annealing process, a conventional lithography etching technique was used to fabricate a position array system on the surface of the Au/Cr/Si film. The nanoindentation tests were performed using a NanoIndenter-XP system (MTS System Corporation Oak Ridge, TN) fitted with a Berkovich diamond pyramid tip. The specimens were indented to depths of either 300 nm or 1000 nm using the nanoindentation system set in a depthcontrol mode. The loading/unloading procedure involved the following steps: (1) loading to the position of maximum load (corresponding to the specified indentation depth), (2) holding in this position for 10 s, and (3) smoothly unloading over a period of 30 s. The load and displacement data obtained from the nanoindentation tests were used to determine the hardness and Young's modulus of the Au/ Cr/Si thin film in accordance with the method proposed by Oliver and Pharr. 7) Following nanoindentation, the specimens were annealed at temperatures of 523 K, 623 K or 723 K for 2 min in a Heatpulse 610i rapid thermal annealing (RTA) system. During the annealing process, purified nitrogen gas (99.999%) was flowed into the furnace at a rate of 3 L/min. TEM foils were then prepared using an FEI Nova 200 focused ion beam (FIB) milling system. The milling operation was performed using a Ga þ ion beam and an operating voltage of 30 keV. High resolution transmission electron microscopy (HRTEM) observations of the specimen cross-sections were obtained using a Philips Tecnai F30 field emission gun transmission microscope with an operating voltage of 300 keV. The chemical compositions at various positions of the annealed samples were identified using an EDAX Energy Dispersive X-Ray spectrometer fitted to the TEM system. Figure 1 (a) presents a TEM micrograph of the as-deposited thin film system comprising the Au thin film, the adhesive Cr layer and the Si substrate. As shown in the selected area diffraction (SAD) pattern in Fig. 1(b) and the TEM image in Fig. 1(c) , the Au thin film has a polycrystalline structure with a grain size of between 40 and 60 mm. However, the adhesive Cr layer and the Si substrate both have a single crystal state. The residual stress in the asdeposited Au thin film is tensile and has a magnitude of approximately 250 MPa. This residual tensile stress is an internal stress and is measured using the polarization phase shift technique. 8) This technique exhibits yields a better visualisation effect and a higher precision than conventional interference techniques.
Results

Microstructure of as-deposited Au/Cr/Si films
Load-displacement curves
Figures 2(a) and 2(b) show the load displacement curves obtained for as-deposited Au/Cr/Si thin film specimens indented to depths of 300 nm and 1000 nm, respectively. Comparing the two figures, it is evident that the loading curves follow the same path, which implies that the Au thin films have good reproducibility and uniformity character- istics. However, the unloading curves of the two specimens are clearly different. The unloading profile of the specimen indented to a depth of 300 nm is continuous and smooth since the indenter does not penetrate beyond the thin film into the silicon substrate during the indentation process. However, the unloading curve of the specimen indented to 1000 nm has a discontinuity point at a load of approximately 100 mN. This feature, referred to conventionally as a pop-out feature, has been variously attributed to an undensification of the silicon substrate, residual deformation of the thin film, phase transformation, and so forth. [9] [10] [11] Although the pop-out feature on nanoindentation unloading curves can be related to different factors, the formation of a chain-like island structure in the indented microstructure could be responsible for the pop-out feature observed in the present Au/Cr/Si thin film systems.
The scanning electron microscope (SEM) image in Fig. 3(a) shows that the specimen indented to a depth of 300 nm has no signs of either microcracking or a pile-up of thin film material around the mouth of the indentation. However, the high-magnification image of the specimen indented to 1000 nm presented in Fig. 3(b) shows the presence of radial cracks emanating from each corner of the indenter impression on the thin film surface and an accumulation of material around the edges of the impression. These results suggest that the Au thin film material adjacent to the face of the indenter tip is plastically deformed and extruded during the indentation process. Furthermore, a comparison of Figs. 3(a) and 3(b) suggests that the amount of material piled up around the indentation is directly related to the size of the deformation zone produced during the indentation process. This finding is consistent with the results presented by Tsui and Pharr for the nanoindentation characteristics of soft films on hard substrates. 12) Regarding the annealed specimens, the plastic zone is recovered fully within the indentation site. Figure 3(c) shows an SEM micrograph of the indentation site in a specimen annealed at 523 K.
Hardness and Young's modulus properties of as-
deposited Au/Cr/Si thin films In this study, the hardness and Young's modulus properties of the as-deposited Au/Cr/Si thin films are evaluated using the Oliver and Pharr method. Figure 4 (a) shows that the variation of the hardness with the indentation depth is very similar for the two specimens indented to different depths. Furthermore, the results show that the average hardness of the Au thin film is approximately 13.7 GPa and is independent of the indentation depth at depths greater than 50 nm. However, for indentation depths of less than 50 nm, the average hardness is of the order of 18$25 GPa. The higher hardness at low indentation depths can be attributed to the indentation size effect. Figure 4(b) shows that the variation of the Young's modulus with the indentation depth is broadly similar to that of the hardness. For indentation depths of less than 50 nm, the Young's modulus varies in the range of 200$500 GPa. However, as the indentation depth is increased, the modulus reduces to a constant average value of approximately 190 GPa. The higher value of the Young's modulus under low indentation depths can again be attributed to the indentation size effect.
The indentation size effect is most likely the result of the error associated with the area function of the indenter, particularly at very small values of the penetration depth. For a given indentation load, a Berkovich indenter with a nonideal shape has a smaller contact depth than that of an ideallyshaped indenter and this results in a smaller contact area during the initial stages of the indentation process. Since the hardness and Young's modulus are inversely proportional to the contact area and the square root of the contact area, respectively, the observed values of both properties are higher at very low indentation depths. In the case of the nanoindentation of a rough surface, the initial contact is most likely to occur at the peak of an asperity and the contact depth is generally greater than that of an ideal flat surface for a given indentation load. The greater contact depth results in a larger contact area and therefore reduces both the hardness and the Young's modulus.
3.4 Indented microstructures of as-deposited Au/Cr/Si thin films Figure 5 (a) shows a microstructure of an as-deposited Au/ Cr/Si thin film indented to a depth of 300 nm. Note that the arrow shown in this figure indicates the direction of nanoindentation. Since the indentation depth is less than the thickness of the Au layer (500 nm), the microstructures and atomic arrangements of the interfacial region and the silicon substrate are undisturbed. However, Fig. 5(b) shows that chain-like island formations are formed at the Au/Cr/Si interface in the specimen indented to a depth of 1000 nm. It is observed that these island formations are located in the regions within the nanoindentation zone corresponding to the thin edge or tip of the indenter, i.e. in regions of the indentation zone characterized by high local pressure and shear stress. In Figs. 5(a) and 5(b), the dark-contrast regions correspond to the Pt layer deposited during the TEM specimen preparation process. magnification TEM micrograph of the chain-like island structure within the square region indicated by label A in Fig. 5(b) . Figure 5(d) shows the selected area diffraction (SAD) pattern of the indented zone of the silicon substrate corresponding to the circular region indicated by label B in Fig. 5(b) . The SAD pattern confirms that a rearrangement of the atomic structure takes place within the indentation zone as a result of indentation deformation. As discussed below, the internal stresses and distortion of the crystalline structure induced during indentation lattice rotation lead to a microstructural change from a distorted crystalline structure to an amorphous phase or to an Au/Si eutectic phase within the indented zone of the thin film system during the annealing process. Comparing the diffraction pattern in Fig. 5(d) with that of the non-indented silicon substrate shown in Fig. 5(e) , it is found that the former contains weak spots and short streaks, indicating a distorted lattice structure.
3.5 Indented microstructures of annealed Au/Cr/Si thin films The annealed specimens indented to a depth of 300 nm show no evidence of interaction between the Au atoms and the Si atoms nor of the formation of Au/Si eutectic phase. Even at the highest annealing temperature of 723 K, distinct boundaries are still observed between the Au, Cr and Si layers, as shown in the TEM micrograph in Fig. 6(a) . However, Fig. 6(b) shows signs of a silicidation effect in the interfacial region, i.e. some Cr atoms diffuse into the silicon substrate. This phenomenon is confirmed by the diffraction pattern shown in the inset of Fig. 6(b) corresponding to the region marked by the white square labeled A. The corresponding EDX analysis results are presented in Fig. 6(c) . Figure 7 (a) shows the indented microstructure of a specimen indented to a depth of 1000 nm and then annealed at 523 K for 2 min. Figure 7 (b) presents a high-magnification view of the morphology of the region within the dashed square labeled A in Fig. 7(a) . It can be seen that the microstructure within the indented area is characterized by amorphous phase. Comparing this micrograph with that presented in Fig. 5(b) , it is apparent that the distorted crystalline structure in the as-deposited specimen rotates and transforms into an amorphous phase during the annealing process. It is also found that at the border between the leading edge of the indented zone and the silicon substrate, the amorphous structure transits progressively to a crystalline structure. From inspection, the d-spacing (i.e. the lattice spacing) is found to be 0:375 AE 0:04 nm, which is close to that of the bulk Si (100) substrate (0.385 nm). 13 ) Figure 8 (a) presents TEM micrographs of a specimen indented to a depth of 1000 nm and then annealed at a temperature of 623 K for 2 min. Figure 8 (b) presents a highmagnification micrograph of the microstructure in the region between the indented zone and the silicon substrate (corresponding to the square region indicated by label A in Fig. 8(a) ). The micrograph clearly shows the presence of amorphous phase in the indented zone and a crystalline structure in the silicon substrate area. Although the indented zones in Fig. 7(a) (annealed at 523 K) and Fig. 8(a) (annealed at 623 K) both show an amorphous phase, the indented zone in Fig. 8(a) contains a greater number of Au atoms. The EDX analysis results show that the indented zone of the specimen annealed at 623 K consists of 8.8 mass% Cr, 24.9 mass% Si and 66.3 mass% Au. Table 1 lists the compositions (mass%) of the indented zones (amorphous phase) of the specimens annealed at 523 K, 623 K and 723 K, respectively. Figure 9 (a) presents a TEM micrograph of a specimen indented to a depth of 1000 nm and then annealed at a temperature of 723 K for 2 min. The micrograph shows that the high annealing temperature results in the formation of both amorphous phase and Au/Si eutectic phase in the indented zone. The formation of eutectic phase is to be expected since the annealing temperature is higher than the eutectic temperature of Au/Si alloy (636 K). The presence of Au/Si eutectic phase is beneficial since it enhances the bonding properties of the thin film. The rod-like structure of the eutectic phase shown in Fig. 9(a) is consistent with the findings reported by Adachi for Au/Si thin film structures.
2) Figure 9 (b) presents a high-magnification TEM micrograph of the eutectic phase within the circular area indicated in Fig. 9(a) . The lattice spacing is found to be 0:293 AE 0:04 nm, which is consistent with the results presented for Au/Si systems by Satpati et al.
14) The EDX analysis results show that the Au/Si eutectic phase consists of 10.6 mass% Si and 89.4 mass% Au. The high Au content of the eutectic phase implies that the high annealing temperature (723 K) enhances the rate of diffusion of the Au atoms in the indentation zone. Furthermore, the EDX analysis results presented in Fig. 9 (c) for the region marked by the white square labeled A in Fig. 9(b) show that the amorphous phase consists of 50.9 mass% Si, 38.7 mass% Au and 10.4 mass% Cr. As shown in Table 1 , the Cr atom content increases from 6.4 mass% to 10.4 mass% as the annealing temperature is increased from 523 K to 723 K.
Discussion
It has been reported in previous studies that the annealing temperature plays an important role in determining the changes which take place in indented microstructures. 15, 16) The results presented in this study reveal that the microstructure of indented specimens depends not only on the annealing temperature, but also on the indentation depth. During the fabrication of the current Au/Cr/Si thin films, a Cr layer with a thickness of 5 nm is deposited on the Si substrate. In the specimens indented to 300 nm, the indentation deformation is confined to the Au layer and the Cr layer remains intact. During the subsequent annealing process at the lowest temperature of 523 K, Si atoms diffuse into the Cr layer and hence silicidation takes place between the Cr layer and the Si substrate.
In the specimens indented to a depth of 1000 nm, the annealing process induces a morphological change in the indented zone. Specifically, the microstructure changes from a distorted crystalline structure to an amorphous phase. Furthermore, the Cr layer is broken during the indentation process and the resulting penetration deformation causes the distorted crystalline structure to rotate and to provide an increased number of diffusion paths for the Au atoms to migrate into the Si substrate. The annealing process and the diffusion activity can both be described by the classical Arrenius equation.
17) The diffusion activity and diffusion reaction rate of the Au atoms into the Si substrate both increase with increasing annealing temperature. This phenomenon is confirmed by an inspection of the indentation zone compositions presented in Table 1 for annealing temperatures of 523 K and 623 K, respectively. The final phase of the specimens annealed at 523 K and 623 K, respectively, is always amorphous and is the result of a solid-state diffusion reaction under isothermal conditions, as reported by Schwarz and Johnson. 18) Although amorphization during heating occurs as a result of a distortion-induced disorder mechanism, annealing at a temperature of 623 K enables a greater number of Au atoms to diffuse into the Si substrate and results in the formation of a more uniform Au/ Cr/Si alloy. However, following annealing at a higher temperature of 723 K, the microstructure of the indented zone is characterized by both amorphous phase and a rod-like eutectic structure, which indicates that a higher annealing temperature is instrumental in generating structural inhomogeneities. Overall, the present results indicate that nanoindentation to a depth of 1000 nm followed by annealing at a temperature of 623 K represents the optimum process for the fabrication of IC devices and MEMS packages. 
Conclusions
This study has measured the nano-mechanical properties of as-deposited Au/Cr/Si films indented to depths of 300 nm and 1000 nm, respectively. The effects of the annealing temperature on the microstructural changes induced in the indentation zone have also been characterized. Notably different features have been observed on the unloading curves of the specimens indented to the two different indentation depths. Specifically, the unloading curve of the specimen indented to a depth of 300 nm exhibits a smooth and continuous profile, whereas that of the specimen indented to 1000 nm has a well-defined pop-out feature at a critical load of approximately 100 mN. Furthermore, a pile-up of the thin-film material occurs around the indentation site. No microstructural change is found in the specimen indented to a depth of 300 nm. However, a chain-like island structure is formed when the specimen is indented to 1000 nm. The silicidation phenomenon is observed in all of the annealed specimens indented to a depth of 300 nm irrespective of the annealing temperature. Furthermore, the microstructure within the indentation zone is characterized by amorphous phase in the specimens indented to a depth of 1000 nm and then annealed at temperatures of 523 K or 623 K, respectively. In the specimen annealed at a higher temperature of 723 K, both amorphous phase and a rod-like eutectic structure are formed. Overall, the present results suggest that nanoindentation to a depth of 1000 nm followed by annealing at a temperature of 623 K represents the optimum process for the fabrication of IC devices and MEMS packages.
